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Abstract
Obtaining objective measurements of reaction times to auditory alarms
by
Andrew George Neubauer
Major Advisor: Richard C. Lanier, Ph.D.

Several pulse parameters that were believed to affect response time to auditory
alarms were investigated in a factorial experiment. 18 subjects, (14 male, 4 female),
participated in an experiment where the effects of inter-pulse interval (125, 250, and
500 milliseconds) and pulse format (sine, sawtooth, and square waves) on both selfreported ratings of workload and reaction time to alarms (auditory and visual) were
explored. The results show that alarms with a shorter inter-pulse interval produced
the fastest reaction times. Subjective preferences were rated as equal. Accuracy was
equal across groups as measured by amount of errors in responding to auditory
alarms. A tracking task was included as a second task and the results showed
significant differences between groups. Subjective ratings of workload were also
collected and showed no significant differences between groups. The results were
interpreted in light of their significance for the development of auditory alarms for
the Checkout and Launch Control Systems (CLCS) at Kennedy Space Center
(KSC).
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1.0 Background
1.1

Introduction

The purpose of this study was to evaluate the relative effectiveness of acoustical
properties in auditory alanns in combination with visual displays for users of the
Checkout and Launch Control Systems (CLCS) at the Kennedy Space Center
(KSC). CLCS is the successor the Launch Processing System (LPS) which dates
back to the early 1970s. The CLCS re-engineering project will feature several
major improvements over the LPS and is scheduled to be fully operational by
September 2001. The current re-engineering of CLCS includes new software for
checkout and launch control processes, the use of integrated displays, new audible
alanns, new workstations, and new floor and wall coverings.
I am currently employed by Lockheed Martin Space Operations (LMSO) as a
human factors engineer and have been given the task of developing new auditory
alanns and integrated displays for CLCS. As such, I am interested in developing
displays and alanns which will prove to be the most beneficial (in terms of
workload, performance, and subjective measures) to the operators ofCLCS.

1.2

The purpose of auditory alarms

The purpose of non-verbal auditory alanns in CLCS, as in many complex
systems, is to alert operators to dangerous conditions (critical), potentially
dangerous conditions (warning), and the arrival of messages on the visual display
(directional). Operators of the CLCS are engaged in long-duration monitoring and

data acquisition tasks during the checkout and launch of the Space Shuttle. The
auditory alarm has the advantage of capturing the operator's attention regardless
of where they are looking, which can be very helpful in a long-term monitoring
task. Warning sounds are useful in such an environment because hearing is a
primary warning sense. It hardly matters where the operator is looking, because
when a warning sound occurs, it will be detected automatically. Furthermore,
auditory warnings have the critical role of supplying the initial call to action for
situations where an immediate response may be required.
The existing system in LPS uses a singular alarm for all conditions, which means
the alarm is the same regardless of the criticality of the event. When the current
alarm sounds the operator has, initially at least, no idea how serious the situation
is. Since many more messages than critical events come through the system,
operators have come to regard the audible alarms as a nuisance. The current alarm
is a single tone "buzzer" which is a continuous tone. This type of alarm is useful
for alerting the operator, but since the alarm is the same regardless of the situation,
it provides no information. The volume cannot be adjusted, but the operator can
cancel, or inhibit, the alarm with a particular function key. Also, the onsets and
offsets of the current alarm are too abrupt, and users have complained of startle
reactions, especially when working evening shifts. The same type of problem has
been noted in hospitals (Kerr, 1985) and aviation (Rood, 1989). At the very least,
abrupt onsets and offsets cause a temporary disruption of cognitive function at a
time when this is most undesirable.
The purpose of this experiment was to lead to a design which would eliminate, or
at least minimize, these side effects while improving reliability and accuracy. This
leads to some central requirements for the design of auditory warnings. They
should be loud enough to be heard over the background noise and constructed
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from frequencies which will not be masked by similar frequencies which occur in
the area where the alarms will be used. Also, alarms need to be psychologically
appropriate in some way. If the warning conveys some attribute of the situation
being signaled (such as the urgency or criticality of the event), then learning time
will be reduced and response times will improve. Furthermore, the alarms should
not inhibit verbal communication or interrupt other tasks the operators are
performing.

1.3

Components of an auditory alarm

Patterson (1982) suggested some alarm design methodologies to help eliminate
the problems mentioned above. He recommended the design of a brief pulse of
sound as a building block for the signal. A pulse is defined as a sound that has an
onset, offset, and a specific duration. The construction of an auditory alarm is
carried out in four stages:
1. Specification of appropriate loudness levels.
2. Design of a small pulse of sound,
3. Incorporation of the pulse into a longer burst of sound.
4. Formation of the complete warning using bursts followed by short periods of
silence.
The loudness level for the alarms used in this study were derived from Patterson
(1982). Since the experiment was conducted in a fairly quiet environment, the
lower limit recommended by Patterson of 15dB (decibels) above the background
noise was used. Background noise was measured by an employee in the
Occupational Health and Safety Department of United Space Alliance using a
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sound level meter manufactured by General Radio (model 1988) which had been
calibrated prior to the analysis.

1.3.1 Onsets and Offsets
Figure 1 shows the temporal profile of a prototypical pulse of sound. This
particular pulse has a length of approximately 100 msec (milliseconds), an onset
time of20 msec (the time from the start of the pulse until it reaches maximum
output), and an offset of20 msec during which the pulse output falls from
maximum to zero.

Figure 1 shows a pulse of sound with an onset and offset of approximately 20
msec each.

The pulse is repeated several times, with pre-determined intervals of silence
between pulses. This unit is now referred to as a burst of sound and it forms the
basis of a complete warning sound, Figure 2.
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Figure 2 shows pulses of sound with inter-pulse intervals which is now known
as a burst.

Edworthy et a/. ( 1991) found that a variety of pulse and burst parameters had
consistent effects on the perceived urgency of auditory warnings and subjects
indicated a high level of agreement about the urgency of such warnings. Edworthy
et a/. ( 1991) also found that pulses with higher fundamental frequencies were
rated as more urgent, as did pulses with slower onsets. Finally, increasing the
number ofbursts in a warning increased signal urgency, but it also made the
warning longer which lead to a greater potential for the signal to become irritating.

1.3.2 Inter-pulse interval
Inter-pulse interval is the silence between pulses of sound, Figure 2. Patterson
(1990) indicates that the perceived urgency communicated by warnings may be
altered by adjusting the pitch, intensity, and speed of the burst. Haas and Casali
(1995) noted that inter-pulse interval is a parameter that can be quantified and
easily manipulated in electronic signals and may influence the perceived urgency
of the signal. In their study they found shorter inter-pulse intervals to be
associated with greater perceived urgency. However, they used 0, 150, and 300
msec as inter-pulse intervals. Since an inter-pulse interval is the absence of sound,
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the 0 msec condition was a continuous tone alarm. Haas and Casali suggested
further research which would include longer intervals. Haas and Edworthy (1996)
also used a 0 msec inter-pulse intervals as well as 250 and 500 msec. They also
found the 0 msec inter-pulse interval to be rated significantly more urgent than the
250 or 500 msec inter-pulse intervals. Haas and Casali (1993) found an effect for
inter-pulse interval as it related to perceived urgency (using magnitude estimation)
and no effect for inter-pulse interval on reaction time to the signal.
Evaluations of the perceived urgency of varied signal parameters through
subjective ratings using multiple scaling techniques, (free and fixed modulus
magnitude estimations, interval scales, and cross-modality matching), have been
highly consistent and predictive (Edworthy, 1994). However, these studies all
employ identical, mutually supportive subjective assessments to quantify the
perceived urgency of the auditory signal.
Using similar magnitude and paired comparison estimation techniques, the
independent variables of pulse format, pulse level, and inter-pulse interval were
evaluated in an approximation of a typical occupational setting (Haas & Casali,
1995). As predicted, the analysis of the same subjective measures supported
significant and robust main effects for each condition on the subjects' rating of the
perceived urgency. When the same procedures and conditions were evaluated
using reaction time as an objective measurement for the effect of signal
parameters on perceived urgency, the results are less conclusive and even
contradictory with previous findings. Although the analysis of reaction time
results and the correlation of comparison with subjective estimations were
statistically significant, the magnitude of each effect was very small and
sometimes inconsistent with previous findings (particularly with inter-pulse
interval).
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The inter-pulse intervals used in this study were 125, 250, and 500 msec The
intended application of this research is to assist in developing alarms for the firing
control rooms at KSC. Alarms with no inter-pulse intervals (continuous signals)
are usually found to be more intrusive. Since they have no silence to set a tempo,
they tend to become confused with one another. Using three different inter-pulse
intervals allowed the experimenter to record reaction times to the different interpulse interval groups and find the group with the fastest reaction time. An added
benefit to using the three groups is to assign a particular inter-pulse interval to the
appropriate level of criticality (directional, warning, and critical). Furthermore,
Patterson (1982) suggests using inter-pulse intervals ofless than 150 msec for
urgent alarms and more than 300 msec for non-urgent alarms.

1.3.3 Pulse Format
Edworthy (1994) suggests manipulating the acoustical properties of auditory
warning signals in order to improve signal recognition, identification, and
eventual operator response through situational urgency mapping. The intended
process of signal design would associate inherent psycho-acoustical properties in
the signal, which influence the operator's perception of situational urgency, with
the criticality of mechanical system function, and increase the likelihood of an
appropriate and timely operator response.
A series of empirical studies have identified several acoustical features which may
influence the perceived urgency of auditory signals, (e.g., Patterson, 1982; Hellier
& Edworthy, 1989; Edworthy, Loxely, & Dennis, 1991; Hellier, Edworthy, &

Dennis, 1995; Haas & Casali, 1995). The spectral, temporal, and melodic
acoustical features that have been reported to influence perceived urgency in these
studies include; fundamental frequency, amplitude envelope shape, inter-pulse
interval (speed), repetition units, and pitch range.
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Haas and Casali (1993) manipulated pulse formats in a study which collected
reaction time to the signals. Three pulse formats were used which included a
simultaneous pulse, a sequential pulse, and a sawtooth frequency-modulated
pulse. The simultaneous pulse was four pure tones at 500, 1000, 2000, and 3000
Hz, presented concurrently during one pulse duration. The sequential pulse format
was four pure tones at 500, 1000,2000, and 3000Hz, presented sequentially
during one pulse duration. The frequency-modulated pulse was a 500 Hz pure
tone carrier frequency modulated over one pulse duration by a positive sawtooth
function, travelling from 500 to 3000 Hz during that duration. They found the
perceived urgency of the sequential pulse to be significantly less than that of the
other pulse formats. In their study, subjects had significantly longer reaction
times with sequential pure tones than with the other pulse formats. Haas and
Casali (1995) used essentially the same pulse formats in another experiment and
found the same effects.
The three pulse formats used for this study were sawtooth, sine, and square waves.
These particular pulse formats were used because they are consistent with
previous research.

1.3.4 Amplitude

Amplitude is defined as the peak amount of atmospheric displacement (air pushed
by speaker, for example) of a sound, measured in decibels. The amplitude was set
at 15dB above the background noise.

1 .3.5

Fundamental Frequency

All alarms carried the same fundamental frequencies of 500, 1000, 2000, and
3000 Hz presented concurrently during one pulse duration. The frequencies were
varied for three reasons. First, it is consistent with previous research (Haas and
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Casali, 1993 and 1995). Secondly, it is consistent with guidelines for auditory
alarms set forth by Patterson (1982, 1990), and Stanton and Edworthy (1999).
Finally, as this study was intended to provide alarms for the firing control rooms,
the frequencies of the alarms would have to be different from any background
frequencies to prevent masking. Since the construction of the firing control rooms
is not complete, it is impossible to determine which frequency may be masked by
background noise. A background frequency analysis will be performed once the
construction is finished and the control rooms populated. If any alarms are
significantly and detrimentally affected by a background frequency, the alarm will
be slightly modified.

1.4

Hypotheses

The application of this study is the design and implementation of auditory alarms
in the firing control rooms at KSC. The preferred outcome is a set of three alarms
(directional, warning, and critical) that provide; (1) the quickest reaction times, (2)
the ability to perform second tasks (manual and verbal), and, (3) favorable
subjective ratings while not subjecting the users to undue workload. Several
hypotheses were tested, some which replicate, in part, past research. The
important difference between this study and previous studies is the introduction of
a realistic monitoring task that includes communications and tracking tasks.
Another distinguishing feature of this research is that it allows for the objective
measurement of reaction times to the auditory alarms.
It was hypothesized that (a) inter-pulse interval would affect reaction times and
subjective ratings of workload, (b) pulse format would affect reaction times and
subjective ratings of workload, and (c) the tracking task would be affected by
changes in pulse format.

9

2.0 Methods
2.1 Apparatus
This project was performed entirely with computer-based tools. Sounds were
generated with Sonic Foundry's Sound Forge XP, version 4.5. The program used
for this study was the Programmable Task Battery (PTB) which is an MS Visual
Basic (version 3.0, professional edition) modification of the Multi-Attribute Task
Battery (MAT-B) developed by Comstock and Arengard (1992). The two primary
differences between the PTB and the MAT-B is that the PTB enables the use of
sounds and it provides a computer-based tutorial of the monitoring task. The
experiment was run on a 266Mhz Pentium II PC. A 20 inch flat panel monitor, a
Microsoft Classic joystick and a mouse were attached to the PC for display output
and control inputs. The display mode was 1280 x 1024 with 65,536 colors.
The program provided the interfaces and data collection capabilities necessary to
perform the experiment and collect the results. It consisted of five forms: the
participant logon screen, the tutorial, the monitoring task itself, the Task Load
Index (TLX) (Hart and Staveland, 1988), and the demographics form.

2.1.1

Participant Logon Screen

The participant logon screen, Figure 3, allowed the experimenter the ability to
input the participant's name and age. At the completion of the tasks, the logon
screen would appear again. The experimenter would input his initials at the
bottom of the form. This option would convert the participant's name into a
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number. This was used to provide confidentiality.

Figure 3 Participant logon screen.

2.1 .2 Tutorial
The tutorial presented each of the six sections of the monitoring task window (one

at a time) with examples ofhow to use each section. The six sections were:
system messages, tracking, communications, engine monitoring, resource
management, and pump status. The tutorial also presented a summary of itself
with suggestions for prioritizing the tasks. The introductory screen is presented in
Figure 4.
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Figure 4 showing the first window, the introduction to the tutorial.

After the introductory window, each participant was instructed to read and
practice each screen. The participants would click on the button marked "Next"
and the next screen would present information on the System Messages portion.
There were six practice screens in the tutorial and each screen detailed a different
component of the monitoring task. Participants completed the tutorial in an
average of 10 minutes. The participants were also encouraged to ask questions
during the tutorial. The remainder of screens presented in Appendix A are selfexplanatory.
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2.1.3 The Monitoring Task
After the tutorial the participant was presented with the monitoring task window,
Figure 5. As stated previously, there were six sections to the monitoring task.
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Figure 5 showing the monitoring task.

2.1.4 System Messages
In the upper left-hand comer is the system message window, Figures 5. One task
was to monitor the system message window for status and alerts. The messages
were purposely designed to be both, (a) of importance to the participant (the
message would signal an impending system failure) or, (b) of no importance to the
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participant. The latter was included to add realism to the study. In the current
firing control rooms messages are frequently displayed to all console operators.
Therefore, the operators must filter out the messages which are not needed for the
operation of their portion of the system. There was no action required of the
participant when a message was displayed.

2.1.5 Tracking Task
The tracking task, Figure 6, required the user to keep the moving crosshairs
centered on the target center, which obviously falls within the box. If the
crosshairs veered out of the box, the color of the crosshairs would change from
blue to red, Figure 7. The participant had to try to keep the crosshairs centered
throughout the entire length of the trial (there was no automatic monitoring). RMS
(root mean square) error was measured in pixels from the center of the target ten
times per second.
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Figure 6, showing tracking task, within boundaries.
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Figure 7, showing tracking task, out-of-boundaries.

2.1.6 Communications
At the beginning of the trial the participant was issued a call-sign number. They

were to respond to messages to their call-sign only and change the frequency on
the appropriate radio, Figure 8. The messages were pre-recorded voice messages
and most messages were not for the participant (the message would be preceded
with a call-sign different than that of the participant). This method was used to
replicate the current system. In the firing control rooms, console operators wear
headsets. Conversations are heard by all operators, therefore operators must
actively filter out the vocal messages which are not important to their task, select,
and respond appropriately to those messages which are directed at them. Accuracy
was measured by the ability to input, and "lock", the correct frequency into the
correct radio.
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Figure 8, the communications task.

2.1.7 Engine Monitoring
Engine monitoring consisted of four vertical, sliding indicators, Figure 9. The
participant was required to monitor four engines for failures. An engine was
considered to be failed when the sliding indicator passed one hash mark above or
below the middle hash mark, Figure 10. The failures were preceded by a warning
message in the system message window that would warn the participant one
second before failure.
The reset buttons below each vertical bar would flash red (a visual alarm) when
the engine was out-of-bounds and the participant was required to acknowledge the
failure and "repair" it by a single mouse-click on the appropriate reset button. At
the same time the visual ·alarm began flashing, an auditory alarm began. As soon
as the participant acknowledged the failure with the mouse-click, the auditory
alarm would stop playing. Accuracy was measured by the participant's ability to
click the appropriate reset button. Response time (RT) was measured in msec.
Accuracy was measured by reviewing log files generated by the PTB for incorrect
responses (when the participant clicked on the wrong engine reset button).
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Figures 9 and 10, engine monitoring in normal and failed conditions.

2.1.8 Resource Management
The resource management window contains five fuel tanks and eight fuel pumps,
Figure 11. During the course of the task the fuel would be transferred
automatically from one tank to another. The MAT-B was originally designed for
aviation studies. As such, there are two sliding scales on the window, as well. One
is marked, "Port" and "Starboard", the other is marked, "Nose" and "Tail".·The
original use was to have the participant transfer fuel manually by clicking on the
correct pump and making certain the "aircraft" did not go out of balance by
monitoring the aforementioned sliding scales. In this study the fuel transfer was
automatic and the port/starboard, nose/tail sliders were not used. Instead,
participants monitored the fuel pumps for failures. As with the engine monitoring
task, each fuel pump had its own reset button. Prior to a pump failure the
participant would receive a message in the system message window. Exactly one
second later the failed pump's reset button would begin to flash red (visual alarm),
Figure 12, and the auditory alarm would begin to play ,. The participant would
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click on the appropriate reset button to silence the auditory alarm. Accuracy was
measured by the participant's ability to click the appropriate reset button.
Response time (RT) was measured in msec. Accuracy was measured by reviewing
the log files generated by the PTB for incorrect responses (when the participant
clicked on the wrong pump reset button).

Figure 11, resource management task in normal condition.
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Figure 12, resource management in a failed condition.
2.1 .9 Pump Status
Found in the lower right-hand comer, the pump status window gave the

participants an overview of the pumps and health, Figure 13. The gauges would
indicate when a pump had failed by showing no pressure. Nominal pressure was
at twenty-five (first hash mark) on the scale. There were no actions for the
participants to perform in the pump status window.

Figure 13, pump status monitoring window.
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2.1.1 0 Task Load Index
Workload is a multi-dimensional psychological construct measuring the
subjective experience of work that results from the mental actions performed
while perceiving and processing information and executing a response.
The NASA TLX measures workload on six different dimensions to create a
picture of the amount and type of mental workload a user experiences during task
performance. This scale was created from research on mental workload and task
performance under a wide range of conditions conducted by NASA and academic
researchers (Hart and Staveland, 1988).
The TLX would appear after each trial, Figure 14. The TLX was designed by Hart
and Staveland (1988) to elicit subjective ratings ofworkload from the participant.
Every participant was instructed to answer the questions on the TLX immediately
after each trial. The participant would read and answer each question by dragging
the vertical bar to the right or left to indicate most closely their feelings. The
extreme right side of the scale was considered poor (high workload) and would
indicate a score of one hundred on the log file.
Conversely, dragging the sliding bar to the extreme left would result in a score of
zero (low workload).
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Figure 14, TLX (Task Load Index) form for self-reported ratings of workload
and performance.

2.1 .11 Demographic Form
At the end of the third and final trial, participants were presented with the
demographic form, Figure 15. The demographic form collected basic information
such as age, gender, and whether or not the participant was colorblind. For the
questions on licensure and flight hours, participants indicated their job description
and years of experience. The field for GPA (grade point average) was left blank.
The demographic form did not collect a name but did capture the number assigned
to the participant on the logon screen.
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Figure 15, The demographic form.

2.2 Subjects
18 subjects, 14 male and 4 female, participated in the study. Each participant
received three trials. Participants were drawn from active console operators at
KSC. They volunteered their time to participate and received no compensation.
None reported colorblindness or vision problems or had prior experience with the
MAT-B, PTB, or the TLX. All had normal hearing, were right-handed, rated
themselves as experts with computers, and ranged in age from 26 to 43 years old.
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2.3 Experimental Design
Inter-pulse interval and pulse formats were varied to obtain a 3 X 3, 3 within, 3
between subjects design, Table 1. Within group is pulse format; between group is
inter-pulse interval.

125 msec

250 msec

500 msec

Sawtooth

Subjects 1 thru 6

Subjects 7 thru 12 Subjects 13 thru 18

Square

Subjects 1 thru 6

Subjects 7 thru 12 Subjects 13 thru 18

Sine

Subjects 1 thru 6

Subjects 7 thru 12 Subjects 13 thru 18

Table 1, showing basic experimental design.

Each participant completed three trials based on inter-pulse interval for a specified
format (sawtooth, sine, and square pulse). Six participants received a trial with the
sawtooth, square, and sine pulse at 125 msec inter-pulse intervals. Six participants
received a trial with the sawtooth, square, and sine pulse at 250 msec inter-pulse
intervals. Six participants received a trial with the sawtooth, square, and sine pulse
at 500 msec inter-pulse intervals. A pilot study with two participants was run to
establish the well known fact that any alarm is an aid to reaction time. Mean
reaction time for the "no alarm" pilot test was 4.13 seconds. All trials were
identical, except for the above-mentioned differences in inter-pulse intervals.
Participants were randomly assigned to a trial group.
Dependent measures of performance were defined as: reaction times to auditory
and visual alarms, accuracy on the tracking task, accuracy on the communications
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task, and accuracy on clearing the correct pump or engine when it failed. Also
collected were self-reported measures of workload as reported on the TLX (which
appeared after each trial).

2.4 Procedure
Participants were recruited through a weekly meeting held by the DCT (Display
Consistency Team), of which I am a member. My main function is to act as a
liaison between the users and the engineering community. There were no
requirements for participating other than the participant's ability to sit at a firing
control room console. A short synopsis, found in Appendix B, of the study was
handed out and potential participants were encouraged to make copies and
distribute them to fellow console operators. Participants then contacted me by
phone, we set up a block of time (1 hour), and the participant's name and phone
number we entered into Microsoft's Schedule Plus (basically a day planner on the
computer). Participants were contacted one day ahead of the scheduled time and
the meeting was confirmed.
Upon arrival on the designated day, the participant was briefed on his or her rights
as a participant in the experiment and on the requirements and general content of
the experiment. If they continued with the experiment, participants would charge
their work time to training.
The operation of the PTB was described in a computer-based tutorial which is
detailed in Section 2.1.2 and Appendix A. During the tutorial, participants were
encouraged to ask questions. After the tutorial, participants were asked if they felt
they fully understood what was expected and if they felt comfortable in
continuing. None refused to continue. After the tutorial, a small screen popped-up
and asked the participant if they would like to go on to the trial. If acknowledged,
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the PTB monitoring task began and data began to be recorded, and continued to
be recorded, until the end ofthe last screen (demographic form, Section 2.1.11).
Upon completion of all three trials and the demographic form, the participant was
de-briefed, verbally, and thanked for their participation.
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3.0 Results and Analysis
3.1 Introduction
Dependent measures of performance were defined as: reaction times to auditory
and visual alarms, accuracy on the tracking task, accuracy on the communications
task, and accuracy on clearing the correct pump or engine when it failed. Also
collected were self-reported measures of workload as reported on the TLX (which
appeared after each trial).
Reaction time was analyzed using the GLM (General Linear Model) repeated
measures analysis in SPSS version 9.0. A three within, three between mixed
model was used with pulse format treated as a within subjects factor and interpulse interval treated as a between subjects factor. The TLX and tracking task
measures were analyzed using a 3 x 3, two factor mixed design, repeated
measures on one factor in Microsoft Excel version 9.0. All analyses were
performed at the a= .OS level.

3.2 Reaction Times
The PTB collected the reaction time (measured in msec) the first time the
participant clicked on any response until the participant selected the correct
response or until the alarm timed out (after six seconds). The average of the
measures that were collected for each participant were then used in the analysis.
As previously stated, it was hypothesized tqat inter-pulse interval would affect
reaction time.
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Reaction time was found to be significantly different with changes to the interpulse interval, .E (2,15) = 5.275, Q = .018. See Table 2, below.

3
2.5
2
1.5
1
0.5
0
125

250

500

Table 2, mean reaction time in msec for 'inter-pulse intervals.

With respect to the 125 msec versus 500 msec inter-pulse interval, reaction times
were found to be significantly less for the 125 msec inter-pulse interval as
confirmed by Tukey's HSD (Honestly Significant Difference) post hoc tests (Q =
.014). Other multiple comparisons between the levels of inter-pulse intervals
revealed no significant differences (Q > .05).
As previously stated, it was hypothesized that pulse format would affect reaction
time. Each participant received all three pulse formats (sawtooth, square, and sine
wave), (one each for each trial). There was a significant main effect for the
manipulation of pulse formats, .E (2, 30) = 8.196, Q = .001. There was no

27

interaction between pulse format and inter-pulse interval, .E (4, 30) = .816, Q =
.525. Tukey's HSD revealed significantly faster reaction times for the sawtooth
and sine pulse formats than for the square pulse format ill< .05). There was no
significant difference between the sawtooth and sine pulse formats

ill> .05),

Table 3.

2.5

2
1.5
1
0.5

0
sawtooth

square

sme

Table 3, Mean reaction times by pulse format.

Analyzing the multiple comparisons within the sawtooth pulse format using
Tukey's HSD it was revealed that there were significant differences between the
125 and 500 msec ill= .013) and the 250 and 500 msec inter-pulse intervals ill=
.03).
Analyzing the multiple comparisons within the sine pulse format using Tukey's
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HSD it was revealed that there was a significant difference only between 125 and
500 msec (Q = .028). There were no significant differences between the three
inter-pulse intervals in the square pulse format.

3.3 Accuracy
Accuracy, as it applied to the participant's selection of the correct pump or engine
to repair, was measured by reviewing the log files generated by the PTB. The PTB
recorded no errors in responses to correcting the failed pumps or engines.

3.4 Tracking task
As stated in Section 2.1.5 the tracking task required the user to keep the moving
crosshairs centered on the target center, which obviously falls within the box. If
the crosshairs veered out of the box, the color of the crosshairs would change from
blue to red. The participant had to try to keep the crosshairs centered throughout
the entire length of the trial (there was no automatic monitoring). RMS (root mean
square) error was measured in pixels from the center of the target, ten times per
second. The measurements used in this study were taken from the second before,
the second during, and the second after the alarm fired. The thirty measurements
were then analyzed for each participant.
As stated in Section 1.4, it was hypothesized that the tracking task would be
affected by changes in pulse format.
A 3 x 3, one within, one between subjects design indicated no significance (Q >
.05) for the between subjects analysis and no significance for the interaction of
pulse and inter-pulse interval (Q > .05). However, there was significance for the
pulse format in the within subjects analysis, E (2, 30) = 23.7, Q < .001. Tukey's
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HSD showed significant differences for the pulse format combinations of sine >
square pulse, and sine> sawtooth pulse format, Q < .05. See Table 4.

400
350
300
250
200
150
100
50

0
sawtooth

square

sine

Table 4, Standard deviations of tracking task by pulse format.

3.5 Communications task
Accuracy in the communications task was measured by reviewing the log files
generated by the PTB for any errors in either (a) the participant responding to callsigns other than the participant's, (b) the participant changing to an incorrect
frequency, (c) the participant failing to "lock-in" the change of frequency, and (d)
the participant failing to respond to a request for frequency change to their
assigned call-sign. There were no errors of any type recorded.
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3.6 TLX
The TLX would appear after each trial. The TLX was designed to elicit subjective
ratings of workload from the participant. Every participant was instructed to
answer the questions on the TLX immediately after each trial. The participant
would answer each question by dragging the vertical bar to the right or left to
indicate most closely their feelings. The extreme right side of the scale was
considered poor (high workload) and would indicate a score of one hundred on
the log file. Conversely, dragging the sliding bar to the extreme left would result
in a score of zero (low workload).
As stated in Section 1.4, subjective ratings of workload would be affected by both
pulse format and inter-pulse interval.
A 3 x 3, one within, one between subjects design indicated: (a) no significance

(Q > .05) for the between subjects analysis of inter-pulse interval, (b) no
significance (Q > .05) for the within subjects analysis of pulse format, and, (c) no
significance (Q > .05) for the interaction.
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4.0 Discussion

The intended application of the results of this study was to determine which
components of sound can be used to provide the best alarm for CLCS. Below is a
matrix which assigned a "place" value (1st to 3rd, 1st being the best and 3rd being
the worst) on each manipulation. Since there were no differences in tracking by
inter-pulse interval scores, TLX scores, and accuracy scores, they are not included
in the matrix. See Table 5, below.

Reaction time by

Reaction time by

Tracking by

inter-pulse

Pulse Format

Pulse Format

interval
1st

125

Sawtooth

Sawtooth

2"d

250

Sine

Square

3rd

500

Square

Sine

Table 5, Matrix that illustrates the hierarchy of the auditory alarms (relative
placement by performance).
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Based on the matrix above, it would appear that the best choice for pulse format
for all alarms (critical, warning, and directional) would be the sawtooth.
Performance was best in both tracking and reaction times for this pulse format.
Performance for the 125 msec inter-pulse interval was best. The difference
between reaction times for the 125 and 250 msec inter-pulse intervals was not
significant, yet it is directional (mean reaction times were slightly longer for the
250 msec interval). The implementation of a critical alarm for CLCS would use a
sawtooth pulse format set at 125 msec inter-pulse interval. It would seem logical
to use a sawtooth pulse format set at 250 msec inter-pulse interval for a warning
level alarm. The final, and least critical alarm (the directional alarm) would have
the following components: 500 msec inter-pulse interval in a sawtooth pulse
format.
Furthermore, reviewing the data generated by reaction time measurements raises
the following questions:
Was the experimental response time task appropriate for evaluating the perceived
urgency of the signal?
The participants indicated signal detection by clicking on the appropriate pump or
engine failure reset button. The proposed benefits for incorporating perceived
urgency in auditory signal design (i.e., discrimination, learning and retention,
identification, response accuracy) would require the operator to receive additional
information from the signal. Considering the advantages in detection times for the
three inter-pulse interval conditions, and the intended applications of an improved
auditory signal, the signal detection task used in this study may be an appropriate
form of objective measurement.
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What effect did manipulation of the signals have on participant performance of
the second task (i.e., tracking)?
Practical applications proposed for the use of improved auditory signals (i.e.,
aircraft, surgical/hospitals, power plant control, or in this particular instance,
CLCS) all require multiple task performance. The purpose of incorporating
perceived urgency in auditory signals is to improve operator response, without
disrupting overall task performance.
According to the within subjects analysis (which showed significance for pulse
format combinations), the sine wave format would be the least preferable choice,
followed by the square and sawtooth wave formats as there was no significant
difference in the tracking scores between the square and sawtooth wave formats.
Were the participants able to continue performing the communications task while
responding to signal detection?
As there were no errors to either the communications task or the participants'
response to the proper pump/engine failures, it would seem this set of alarms
allowed the participants to continue performing tasks with a minimum amount of
difficulty.
Were subjective measures of workload affected by changes in pulse format or
inter-pulse interval?
Previous studies (Haas and Casali, 1995) have shown that inter-pulse interval is a
parameter that can be quantified and easily manipulated in electronic signals and
may influence the perceived urgency of the signal. An increase in perception of
urgency usually corresponds to an increase in the subjective ratings of workload.
However, in this study the alarms were purposely designed as to not induce undue
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workload and the analysis bears out this precept by indicating no significant
differences in the subjective ratings of workload for either the pulse format or the
inter-pulse interval. There was also, as previously stated, no interaction.
A literature review revealed that there existed a void in the auditory alarm
detection literature in that no research had focused directly on response time to,
and subjective ratings of workload of, auditory alarms when used in conjunction
with visual displays in steady-state ambient noise environments such as CLCS. I
trust this study has helped to improve that situation.
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Appendix A
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This is the first screen of the tutorial page. When the participant clicked on the
button labeled "Next" it would take them to the next screen (system message
window). The participant would then follow those instructions and, when
finished, would click on the button labeled "Next" to take them to the following
screen. This allowed the participants the ability to pace themselves in becoming
familiarized with the PTB, and it allowed them the opportunity to ask questions or
request clarification of each portion of the monitoring task.
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AppendixB

Auditory Alarms-DCT Issue #6
I have prepared a short synopsis of guidelines which, I hope, will assist in the
design and implementation of auditory alarms. I hope you find this usefulAndy Neubauer <17352>
One of the most common auditory warnings is the ambulance siren. It cuts
through the traffic noise and commands attention, but it does so by sheer, brute
force. The 'better safe than sorry' approach to auditory warnings occurs in most
environments where sounds are used to signal danger or potential danger.
Flooding the environment is certain to attract attention; however, it also causes
startled reactions and prevents communication at a crucial point in time. These
types of problems occur, with alarming regularity, in noisy, high-workload
environments where auditory warnings are used to signal danger. An extreme
example of this "confusion, startle-reaction" problem occurs in the intensive
care wards of most hospitals. There may be as many as 10 auditory warnings for
each patient, which is far more than anyone could hope to remember. What's
more, for economic reasons, most warning sounds are high-frequency tones that
differ only in their frequency and intensity. The auditory system of the human is
not designed to preserve the absolute frequency or intensity of sound sources,
rather it is designed to listen for changes in sound. Furthermore, high-frequency
tones are not localizable (which may be a concern for our purposes).
Perhaps it is also worth pointing out why auditory warnings are useful and
necessary. Warning sounds are useful because hearing has evolved as a primary
warning sense. It does not matter if the operator is concentrating on an important
visual task, or have their eyes averted from the screen; either way, the warning
sound is detected automatically and given a "priority routing" to the brain. Your
ears serve the purpose of turning your head in the right direction. In the OCR, an
alarm would fire and you would tum to look at your display.
Thus the question seems to be not one of whether we should have warning
sounds, but whether we can construct sets of warning sounds that get the
operator's attention without causing startled reactions; warning sounds that can
be discriminated from one another.
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Q&A
1) What is the correct level for an auditory warning, one that will render the
warning reliably audible but not adversely loud?
As a guideline, if a warning is to be clearly audible, the spectral
components of the warning sound must be 15 dB above the threshold
imposed by background noise. Tthe problem of determining the
appropriate range for the components of a warning sound reduces to one
of finding the threshold imposed by the background noise.
2) What are the appropriate spectral characteristics to ensure that a warning is
audible and discriminable from other members of the set?
Contrary to the general conception of pitch perception, we do not hear a
separate pitch for each peak in the spectrum of a sound. This property of
the hearing mechanism has important implications for the design of
auditory warnings. Specifically, it enables us to design warnings that are
highly resistant to masking by spurious noise sources. As a basic
guideline, a warning sound that has four or more components in the
appropriate level range, and are spread across the spectrum, is much less
likely to be masked by a spurious noise source.
3) What are the temporal characteristics that make a warning sound arresting
Without producing a startle response?
There is no inherent difficulty in learning warning sounds, but beyond
the first six it does require appreciably more effort. Results from many
studies indicate that the potential for confusion can be dramatically
reduced by employing a richer variety of temporal patterns (distinctive
rhythms). Rather than employing a rapid rise to a high sound level to
indicate a catastrophic event, I suggest a rise time of 20ms. The warning
can be produced without risking a startle reaction by bringing the
warning on at a comparatively low level and increasing the level of
successive pulses quickly. This amplitude envelope gives the impression
that an object is moving forwards rapidly, then receding slowly, and this
apparent motion draws attention.
When the situation necessitates, the warning sound comes on first and
the first burst is played at a pitch and speed that indicate urgency and at a
level that is clearly audible but not excessive. The burst is repeated.
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At this point it is highly likely that the warning has conveyed its message
and further repetition of the burst in its urgent form would be needlessly
irritating. At this point the pitch, level and speed of the burst are lowered
and played every 4s or so in this "non-urgent" form. This permits
communication between operators; an important consideration in
emergencies. If the condition is not rectified within a reasonable length
of time, the warning returns in its urgent form, and once again retreats to
the background. The bursts can be repeated until the condition that
initiated the emergency is corrected, or until the operator signals their
acknowledgment.
In summary, then;
•
•
•
•

The number of immediate-action warning sounds should not exceed
(roughly) six,
Each sound should have a distinct melody and temporal pattern,
It should be possible to predict the optimum sound level for a
warning sound in most environments.
An "ergonomically" designed auditory warning would present its
message with appropriate urgency and promptly "fall back" to permit
vital communication, returning to interrupt forcefully only if the
system detects that the condition is not receiving sufficient attention.

What I am now working on is developing a way to test some of the components
for the auditory alarms in CLCS. I need your help. I will be running a set of
experiments and I need console operators to volunteer their time. I won't take
more than an hour and it can be charged to training if you decide to participate.
This is what will happen if you decide to participate:
• You can contact me to set-up a convenient time. I am available for any shift
that is convenient for you. And please feel free to pass this along to as many
console operators as possible.
• I'll call a day ahead to verify the time we previously agreed upon.
• The day you show up, you will be introduced to a computer program which
will have a short tutorial (1 0 minutes). You can ask as many questions as
you like during the tutorial.
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•
•
•

•
•
•

After you run the tutorial, I'll ask again to make certain you want to
continue. If you say "yes", then the program will begin. Your decision to
participate will be acknowledged by your time charge (training).
You will be randomly assigned to one of three groups and you will run three
trials. They are only six/seven minutes long.
The trials are measuring your reaction time to alarms, your ability to monitor
a "system" (looks a lot like the hypergol screen), and it will also present you
with a computer-based questionnaire that asks you how hard you feel you
are working (both mentally and physically).
All the data collected will be kept confidential; when you log on, you will
become a number.
You won't be hurt in anyway. You won't be beaten, shocked, or have undue
stress imposed upon you. Pilot trials have had favorable results, i.e., most
people found the trials to be fun.
Most importantly, you will be helping to decide which alarms you will be
hearing in the firing control rooms. You are all aware of the current situation
where the same alarm signals everything from a system message to a
complete system failure. Together, we will fix that!

Give me a call, or stop byAndy Neubauer, Lockheed Martin, CLCS Human Factors
Room 1R25, LCC-861-7352
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